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We describe a strategy for selectively coating the vertical surfaces of standing nanopillars using area- selective 
atomic layer deposition (ALD). Hydrophobic self- assembled monolayers (SAMs) are utilised to selectively 
inhibit the coating of oxides on the modified horizontal regions to ensure that only the vertical surfaces of 
vertical standing nanorods are coated using ALD processes. This method makes it possible to fabricate 
vertical nanodevices using a simple process of depositing oxide layer on a vertical surface, and can also be 
applied to the area-selective surface passivation of other standing structures. 

Surface coating and passivation are critical for optics 1 , microelectronics 2 , optoelectronics 3 ' 4 and catalysis 5 . 
Atomic layer deposition (ALD) is one powerful surface nano- engineering technique and has also 
demonstrated practical capability in microelectronics and photovoltaics 6 ' 7 . Recent achievements in nano- 
wire-based sensors and field-effect transistors have promoted an escalation in ALD requirements in surface 
functionalisation and passivation 8,9 . For example, ALD coats almost all surfaces that are exposed to the precursor 
gases, making it fundamentally difficult to coat desired surfaces in an area-selective manner. This restriction 
hinders the use of ALD in the selective passivation and coating of the lateral surfaces of vertically standing 
nanopillars on substrates, which are very common in microelectronic fin devices and vertical nanowire field- 
effect transistors 1011 . Although the inner walls of cylindrical nanopores have been selectively coated 1213 , the goal of 
attaining a three-dimensionally area-selective surface coating on standing nanopillars or vertical nanowires via 
flexible routes has yet to be achieved. In this letter, we demonstrate a feasible three-dimensionally area-selective 
ALD (3DAS-ALD) process by artfully exploiting hydrophobic self-assembled monolayers (SAMs) to tune the 
area-selective formation of ALD films on the vertical surfaces of standing pillars on substrates. 

Surface activation plays an important role in the deposition of thin films on substrates using essential ALD 
processes 14 " 16 . However, SAMs have been widely exploited to tune the chemical and physical properties of solid 
surfaces using alkanethiols and alkylsilanes 17 " 19 . Hydrophobic SAMs have been used to inhibit the formation of 
ALD films, making it possible to achieve the two-dimensionally area-selective ALD of desired materials 20-23 . The 
combination of SAMs and ALD has also been applied to selectively coat the inner walls of cylindrical nanopores to 
produce hybrid nanotubes 1213 . However, it is important but difficult to use 3DAS-ALD to construct hydrophilic 
and hydrophobic regions on standing nanopillar structures (e.g., vertical nanorods or nanowires) because existing 
methods such as lithography 20 ' 24 and microcontact printing 25 ' 26 for 2D planar films or nanopores are inherently 
difficult to apply in this case. In addition, the processes for selective ALD coating on cylindrical nanopores 1213 and 
lithography on nanowires 27,28 do not appear to apply to the area-selective coating of the vertical surfaces of 
standing nanopillars on substrates. 

Our experimental design and fabrication processes for achieving 3D AS- ALD on standing nanopillar structures 
are illustrated in Figure 1. During our fabrication, the cleaned and hydrophilic standing Si structures (step 1) are 
first coated with an Au film of several nanometres in thickness on the horizontal surfaces (step 2). Subsequently, 
SAMs of 1-dodecanethiol (DAT) form on the Au films to create hydrophobic surfaces (step 3). Because of the 
resist effect of hydrophobic SAMs, the precursor reactions will occur not on the hydrophobic horizontal surfaces 
but only on the vertical surfaces (step 4) during the ALD processes. In the end, the 3DAS-ALD will have coated 
only the vertical surfaces of the nanopillars with oxides (e.g., ZnO) once the Au films are removed. We observed 
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Figure 1 | Schematic diagrams of the 3DAS- ALD of a metal oxide on the vertical surfaces of standing nanopillar structures. The surfaces parallel to the 
substrate are referred to as horizontal surfaces in the text, and the perpendicular ones are referred to as vertical surfaces in the text. 



that the DAT SAMs on Au films act as obstacles and can effectively 
hinder the ALD process (Figure SI), while ALD can still occur on Si 
substrates immersed in DAT solution (Figure Sic). This result indi- 
cates the possibility of using the above processes to realise 3DAS- 
ALD on standing structures. 

Figure 2 shows the area-selective ZnO coating of the vertical sur- 
faces of vertically oriented Si nanopillars (i.e., nanorods), proving 
that this fabrication technique is feasible. The original standing Si 
nanorods were nearly perpendicular to the horizontal surfaces (both 
the top surfaces of the nanorods and the substrates) and were fabri- 
cated in accordance with a modified process that has been reported 
elsewhere 29 . The nanopillars (i.e., nanorods) were approximately 
500 nm in length and approximately 250-350 nm in diameter, 
and the bottom part was a slightly wider than the top (Figure S2a). 
Then, a 6 nm thick Au film and a 4 nm thick Ti adhesion layer, 
which were used to form hydrophobic SAMs, were coated onto the 
top surfaces of the nanorods and the substrates. 

Figure 2a presents a false-colour transmission electron micro- 
scopy (TEM) image of Si nanorods with DAT-modified Au films 
after the 3DAS-ALD process had been performed. In this figure, 
we note that there are no ZnO films on the Au film, although some 
ZnO particles are present because of initial imperfect structures or 
SAM defects, indicating that the DAT successfully acted as a resistant 
layer to prevent the ALD coating of ZnO onto the Au film. In addi- 
tion, uniform ZnO film of approximately 30 nm in thickness appears 
only on the vertical surfaces of the Si nanorods. The magnified image 
in Figure 2b further confirms that no ZnO films were present on the 
Au, while a dense ZnO film covered only the vertical surfaces of the 
standing Si nanorods when the Au film on the top surfaces of 
the nanorods was not removed. In addition, when the Au film on 
the top surfaces of the nanorods was removed, as shown in Figure 3 a 
and Figure S2, bare Si was exposed on the horizontal surfaces, and 
there were no ZnO films present on either the top of the nanorods or 




Figure 2 | (a) False-colour TEM images of nanorods after the 3DAS-ALD 
of ZnO films onto their vertical surfaces, before the Au films on the top 
surfaces of the nanorods were removed; the arrow points to the top of a 
nanorod. (b) False-colour HRTEM image of the region outlined in (a) with 
a yellow square. 



the bottom of the Si substrates. As the ZnO particles were on the Au 
films and did not grow on the Si layer, these particles were removed 
when the Au films were removed. 

Figure 3b presents an elemental profile acquired using line- scan- 
ning energy-dispersive X-ray spectroscopy (EDS); the Zn/O signals 
are much higher at the edges of the nanorods than in the other 
regions, while the signals corresponding to the Si element are lowest 
at the edges, indicating that ZnO films were present only on the 
vertical walls of the Si nanorods. In addition, the electrons injected 
onto the top surface are most likely to diffuse to the ZnO walls, which 
then produce Zn/O signals. However, when detecting the Zn/O ele- 
ments at the bottom, the ZnO walls do not affect the result. 
Consequently, the background signals of Zn/O are higher at the 
top than at the bottom. 

We further attempted to apply the 3DAS-ALD coating method on 
standing Si stripe arrays (Figure 4), although the results presented in 
Figure 3 already confirm that the concept is feasible for standing 
nanorods. The stripes were approximately 80 nm in width and 
approximately 400 nm in depth with a spacing of 150 nm (Figure 
S3a), as previously reported 30 . As presented in the false-colour scan- 
ning electron microscopy (SEM) image of Figure 4a, the vertical 
surfaces were covered with ZnO film grown via ALD, whereas the 
horizontal surfaces were not coated. The line-scanned EDS spectrum 
in Figure 4b further confirms that the vertical surfaces were selec- 
tively coated with ZnO film via ALD. When no hydrophobic SAMs 
were present on the top surfaces of the Si stripes, all surfaces of the 
stripes and the substrate were completely coated with uniform ZnO 
film by the ALD process (Figure S4). The EDS spectrum reveals that 
when all surfaces were uniformly coated with ZnO, the Zn/O signals 
at the top surfaces had the form of a line; however, the Zn/O signals 
exhibited apparent peaks at the edges of the stripes when 3DAS- ALD 
was performed. This comparison is consistent with the SEM image in 
Figure 4a, indicating that this fabrication concept is feasible for long, 
standing, structured arrays. 




Figure 3 | (a) False-colour SEM image of nanorods after area- selectively 
depositing ZnO onto their vertical surfaces (top view); the inset is a 45°- 
tilted SEM image, (b) EDS elemental line scan of the area-selectively 
treated nanorods in the top view; the yellow line depicts the scanning route. 
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Figure 4 | (a) False-colour SEM images (tilted by 45°) of three- 
dimensional Si stripes with only the vertical surfaces selectively deposited 
with ZnO via ALD. (b) EDS elemental line scan of the stripes with vertical 
surfaces coated with ZnO; the yellow line depicts the scanning route. 



Using a combination of ALD and SAMs, we achieved 3D area- 
selective ALD on standing structures (e.g., vertical nanorods and 
stripes). As mentioned above, the selective formation of stable hydro- 
phobic SAMs 23 ' 31 ' 32 is critical for area- selective ALD coating on the 
vertical surfaces of standing nanopillars. Thus, Au films play an 
important role in this process and are usually obtained via electron 
beam evaporation 6 , thermal evaporation or other processes 19 . In fact, 
most standing nanopillars are not strictly perpendicular to the sub- 
strates, which may cause the vertical surface to be unexpectedly 
coated with Au film during the deposition process (Figure S2b). 
The Au coated onto the vertical surfaces of the nanorods (Figure 
S2a) can be deposited in particle form by controlling the thickness 
of the Au films because of the much lower coverage on the vertical 
surfaces than on the horizontal surfaces (Figure S2b). 

Figures S2c and S3b demonstrate how these Au particles on the 
vertical surfaces can be removed using a diluted HF solution with a 
simple dipping process, after which only the vertical surfaces remain 
active for ALD after the hydrophobic SAMs form on the horizontal 
Au films. Area-selective ALD can even be applied on the sharp edges 
of gathered standing nanorods, as illustrated in Figure S2d. In addi- 
tion, subsequent ALD cycles result in slight coverage with ZnO film 
on the edges of the horizontal surfaces, as shown in Figures S5a and 
S5b. During the first several ALD cycles, the deposition occurs only 
on the vertical surfaces because of the DAT resistance. With an 
increasing number of ALD cycles, the diethylzinc/H 2 0 precursors 
begin to react with the as-grown ZnO films, in accordance with the 
essential ALD process, once the thickness of the ZnO surpasses the 
total thickness of the metal films and SAMs 11 " 13 ' 23 . This reaction is 
available not only for the vertical direction but also for all directions 
in which the ZnO films are present. Figure S5c shows how the edges 
of the horizontal surfaces become slightly covered with ZnO film. All 
these results provide us with more opportunities for the design and 
fabrication of 3DAS-ALD coatings on the vertical surfaces of stand- 
ing nanopillars. 

We have demonstrated a feasible 3DAS-ALD process for standing 
nanopillar structures. Hydrophobic SAMs are utilised to selectively 
inhibit the coating of oxides onto the modified regions, making it 
possible to coat only the vertical surfaces of vertical standing nanor- 
ods and stripes during ALD processes. This 3DAS-ALD method can 
also be applied to vertical surface coating and passivation on other 
standing structures. We believe that this solution protocol will open 
up more opportunities and new perspectives for three-dimensionally 
area- selective surface coatings and passivation for use in advanced 
fabrication and nanodevices. 

Methods 

The Si substrates with standing nanopillar structures were cleaned with acetone, 
ethanol and water. The Si nanorod arrays were fabricated using a modified colloidal 
lithography and catalytic etching process 29 . The Si stripes were obtained following a 
previously reported method 30 . The Si structures were boiled in a piranha solution 
(H 2 S0 4 : H 2 0 2 = 3 : 1 by volume) for 10 min and then washed with deionised water. 
A 3- 10 nm thick Au film with a 1 -5 nm thick Ti adhesion layer was deposited on the 
Si structures using Ar ion-beam sputtering. The structures that had been coated with 



Au were then chemically treated with a 10% diluted HF solution during a dipping 
process. Subsequently, the samples were immersed in an ethanol solution that con- 
tained 20 mM 1-dodecanethiol (DAT) for 24 h and then thoroughly washed with 
ethanol. Finally, the samples were placed into the ALD (Picosun R100) cavity for 
surface coating in 3D mode. 

During the ALD process, diethylzinc (DEZ) and H 2 0 were used as precursors, and 
N 2 was used as a carrier gas, while the reactor temperature was set to 90°C because of 
the temperature sensitivity of DAT SAMs 3132 . The pulse time was 0.1 s for both DEZ 
and water; the purge times were 0.5 s and 15 s for DEZ and 0.5 s and 20 s for water. 
The samples were finally immersed in Lil/I 2 solution to remove the Au, thereby 
obtaining standing nanopillar structures with an area- selective ALD coating of ZnO 
on the vertical surfaces. Scanning electron microscopy (SEM) images and EDS spectra 
were obtained using an FEI Sirion200 SEM instrument. Transmission electron 
microscopy (TEM) images were obtained using a JEOL JEM-2100F operated at 
200 kV. The TEM specimens were prepared by scraping the samples off the substrate 
onto a carbon-coated copper grid. 
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